Thymocyte selection involves the positive and negative selection of the repertoire of T cell receptors (TCRs) such that the organism does not suffer autoimmunity, yet has the benefit of the ability to recognize any invading pathogen. The signal transduced through the TCR is translated into a number of different signaling cascades that result in transcription factor activity in the nucleus and changes to the cytoskeleton and motility. Negative selection involves inducing apoptosis in thymocytes that express strongly self-reactive TCRs, whereas positive selection must induce survival and differentiation programs in cells that are more weakly self-reactive. The TCR recognition event is analog by nature, but the outcome of signaling is not. A large number of molecules regulate the strength of the TCR-derived signal at various points in the cascades. This review discusses the various factors that can regulate the strength of the TCR signal during thymocyte development.
INTRODUCTION
One of the general themes in our understanding of thymocyte selection-including both positive and negative selection and lineage commitment-has been the role of T cell receptor (TCR) signal strength in these T cell life choices. The strength of signals transduced through the TCR has profound effects on T cell development and differentiation, as seen in other lineage development and commitment systems, in which quantitative differences in signal are translated into qualitative differences in outcome (reviewed in Basson 2012) . In the interaction between the TCR and self-MHC-peptide complexes (MHCp), the affinity or half-life of the interaction is an important factor in the outcome, as many lines of evidence show. However, in the environment of the cell surface of the developing thymocyte, and even more so inside of the cell, many factors influence the outcome of this interaction. We now know that, on the cell surface, the affinity and/or half-life of the TCR-MHCp interaction as measured in solution [in three dimensions (3D)] with biochemical techniques is far too simplistic a scenario. Interactions between cell surfaces require consideration of 2D affinity rather than the easier-to-understand 3D measurements of molecules in solution. Although this has been appreciated for a long time (Alam et al. 1996 , Dustin et al. 1996 , only recently has it been possible to measure 2D affinity for TCR and coreceptor interactions with MHCp. The coreceptors CD4 and CD8 have a major influence, as do the numbers of TCR and coreceptor molecules on the surface at different times during differentiation. Moreover, the amount of aggregation of TCR, coreceptor, and various signaling and cytoskeletal proteins within the T cell (and corresponding molecules on the side of the antigen-presenting cell) likely affects the overall 2D affinity but does not affect 3D affinity. Within the cell, many of the different components of the signaling pathways can affect the outcome, and there are molecules whose main role appears to be regulating the strength of the signal to help differentiate between positive and negative selection. Further considerations are the time and place of signaling, which are relevant both at the level of the cell as it moves through various niches in different parts of the thymus during development and at the subcellular level, at which different aspects of signal transduction are regulated in time and place (at a subcellular site) within the cell.
Thymocyte development proceeds through a well-understood series of steps that are broadly characterized by coreceptor expression [double negative (DN) → double positive (DP) → single positive (SP)], by TCR gene rearrangement and expression, and by expression of other markers such as cytokine receptors or activation molecules (Anderson et al. 1996 , Klein et al. 2014 , Palmer 2003 , Starr et al. 2003 , Stritesky et al. 2012 (Figure 1) . The pre-TCR is expressed from the late DN stage to the early DP stage, when, after the rearrangement of the TCR α-chain, the αβ-TCR is expressed on the cell surface. At this point, signals through the TCR are received after interactions between the TCR and the self-MHCp that are expressed on cortical thymic epithelial cells (cTECs) . These signals are interpreted by the cell, which then responds in ways that determine its fate. Initial TCR stimulation leads to partial downregulation of CD8 (CD4 + 8 int cells) and upregulation of TCR (Figure 1 ). This loss of CD8 allows the thymocyte to determine whether its TCR is MHC class I (MHCI) or MHC class II (MHCII) restricted: Loss of signaling at this point shows that the TCR is MHCI restricted, whereas sustained signaling shows that it is MHCII restricted (Singer et al. 2008) . A TCR signal above a certain threshold induces a survival and differentiation program known as positive selection (Starr et al. 2003) , whereas a very strong signal causes activation-induced cell death (apoptosis), leading to negative selection for most cells (Palmer 2003 , Stritesky et al. 2012 . Some cells receiving a strong signal will undergo agonist selection (see below) into specialized T cell subsets. To complicate matters, most positive selection occurs in the thymus cortex, and we think of most negative selection as occurring at a later stage in the thymic medulla as a result of interactions with dendritic cells and medullary TECs (mTECs). However, for antigens that are ubiquitously expressed in the thymus, negative selection (for MHCI, not for MHCII) can occur as a result of interactions with cTECs or thymocytes and can thus be more or less concurrent with positive selection (Stritesky et al. 2013) .
Experimental dissection of positive and negative selection has proven to be very difficult. For example, there is no unambiguous way to determine whether a defect in the transition from DP thymocytes that express an intermediate amount of αβ-TCR (DP TCR int ) to SP TCR hi cells is due to a problem in positive selection or due to an enhancement of negative selection.
TCR SIGNAL STRENGTH IN POSITIVE AND NEGATIVE SELECTION

Setting a Threshold Between Positive and Negative Selection
The ability of particular peptides to induce positive or negative selection has been studied mostly using fetal thymic organ culture (FTOC). In Tap1-, Tap2-, or β 2 -microglobulin-deficient, MHCI-restricted TCR transgenic mice, thymocyte development is arrested at positive selection, as these mice do not have any MHCI-peptide complexes available for TCR stimulation. Addition of peptide mixtures, or of specific peptides, allows for MHCI expression and thus induces positive Developmental progression of thymocytes from double negative (DN) 1-4 to double positive (DP) to single positive (SP) as they move through the thymus. The initial stages of development take place in the cortex, with the thymocytes moving from the cortex to the subcapsular region. The thickness of the line represents the cell numbers at each stage, whereas the color of the line represents the expression of CD4 (red ) and that of CD8 (blue). DN cells are in gray. Thymocytes undergo strong proliferation after T cell receptor (TCR) β-chain rearrangement, when the pre-TCR is expressed and the thymocytes undergo β-selection. After the rearrangement of the TCR α-chain genes, the pre-TCR is replaced with the αβ-TCR, and the thymocytes' TCRs can now be tested for their ability to recognize self-MHCp on cortical thymic epithelial cells (cTECs). Positive selection starts, and cell numbers begin to decline at this point because of negative selection to ubiquitous self-antigens that are expressed in the cortex, whereas the cells undergoing positive selection migrate toward the corticomedullary junction. Stimulation through the TCR results in downregulation of CD8, allowing the cell to test whether its TCR is MHCI or MHCII restricted. If the former is the case, the reduction of CD8 interrupts the TCR signal, leading to the cell committing to the CD8 lineage, turning off CD4, and turning on CD8. If the TCR is MHCII restricted, reduced expression of CD8 does not reduce signaling, so the cell commits to the CD4 lineage and completely turns off CD8 expression. At the corticomedullary junction, the thymocytes start to see self-peptides on medullary dendritic cells (DCs), including the AIRE (autoimmune regulator gene)-dependent, organ-specific antigens expressed in medullary thymic epithelial cells (mTECs), leading to negative selection. The surviving cells undergo further maturation until they are ready to exit the thymus. The process of thymic differentiation involves periods of expansion and then winnowing under selective influences. Thus, we acknowledge the influence of Charles Joseph Minard's 1869 chart "Losses of the French army in the Russian campaign 1812-1813." (or negative) selection (Ashton-Rickardt et al. 1994; Hogquist et al. 1993 Hogquist et al. , 1994 Jameson et al. 1994; Sebzda et al. 1994 ). Using this model, several groups showed that relatively weak ligands for the TCR-often very weak agonists or antagonists of the natural antigen for that TCR-induced positive selection (Girao et al. 1997 , Sebzda et al. 1996 . The effect of strong agonists was less straightforward: At high concentrations, they clearly induced negative selection, but at lower concentrations, at least in some systems, they caused an unusual type of positive selection, now known as agonist selection, often resulting in differentiation of CD8αα-expressing cells instead of differentiation of conventional CD8αβ cells (Ashton-Rickardt et al. 1994; Girao et al. 1997; Hogquist et al. 1994 Hogquist et al. , 1995 Holmberg et al. 2003; Saibil et al. 2003; Sebzda et al. 1994 ). Attempts to measure TCR affinity and half-life with surface plasmon resonance indicated a general, but not complete, correlation between half-life and selection: High-affinity, long-lasting interactions induced negative selection, whereas weaker, shorter interactions tended to induce positive selection (Alam et al. 1996 (Alam et al. , 1999 Stepanek et al. 2014; Williams et al. 1999 ). Tetramer dissociation-based techniques to measure TCR-MHCp binding and half-life yielded similar results (Daniels et al. 2006 , Gronski et al. 2004 .
2D binding kinetics can now be measured by mechanical or biophysical [Förster resonance energy transfer (FRET)] techniques. Initial results showed that interaction in 2D resulted in higher measured affinities than in 3D, mainly as a result of increased on-rates relative to solution measurements (even with increased dissociation rates due to cytoskeletal effects) (Huang et al. 2010 , Huppa et al. 2010 . Most interestingly, the application of force to the TCR-MHCp interaction changed the 2D measurements, increasing the affinity for agonist ligands through the formation of catch bonds, whereas antagonist ligands formed slip bonds without this force-induced increase in affinity (Liu et al. 2014) . The overall correlation between the affinity and duration of TCR-MHCp interaction, and the effect on positive or negative selection, was maintained in 2D measurements made under conditions of applied force (Liu et al. 2014) . However, the 2D binding kinetics studies have so far used mature peripheral T cells. Preselection thymocytes have higher coreceptor expression than TCR expression (which is rather low, at least partly due to tonic signaling, endocytosis, and degradation) (Murphy et al. 1998 , Naramura et al. 1998 , Niederberger et al. 2003 , Wang et al. 2010 , and they may display subtly different TCR-MHCp binding kinetics, with better kinetic discrimination between low-affinity MHCp complexes.
The affinity or kinetics of TCR-MHCp interactions are an analog system (i.e., continuously variable), whereas the developmental outcome of positive or negative selection is digital (i.e., switch like or bistable). Much effort has been put into understanding the signaling threshold between positive and negative selection and how this threshold is maintained. The first clear definition of such a threshold was demonstrated by work from Palmer's lab, using FTOC (Daniels et al. 2006) . This work analyzed a wide series of altered peptide ligands for the OT-I TCR transgenic system, identifying a trio of ligands that straddled the positive selection-negative selection border but that had very similar binding kinetics. Despite this similarity, they caused very different biological outcomes. Weak but sustained signaling through the Ras-Erk MAP kinase (MAPK) pathway is required for positive selection (Fischer et al. 2005 , Mariathasan et al. 2001 , McNeil et al. 2005 . Stimulation by strong agonists leads to Erk phosphorylation at the immunological synapse (IS) of mature T cells (Yachi et al. 2006) , whereas its role in positive selection is associated with Erk translocation to the nucleus and its activation of the SAP-1 transcription factor, leading to expression of genes for positive selection (Costello et al. 2004 ). Daniels and coworkers demonstrated that positive-selecting ligands indeed induced Erk activation within the cytoplasm or nucleus, whereas negative-selecting ligands induced Erk phosphorylation close to the plasma membrane (Daniels et al. 2006) . No differential pattern of subcellular localization was found for the Jnk MAPK pathway, which was activated in the cytoplasm or nucleus by both classes of ligands. The notion of a threshold affinity or half-life for negative selection has been extended to two other MHCI-restricted TCR systems (Naeher et al. 2007 ; reviewed in Gascoigne & Palmer 2011 , Palmer & Naeher 2009 ) and-with some differences-to two MHCII-restricted systems (Stepanek et al. 2014 ).
Crucial Role of Coreceptors for MHC Restriction and Effective Selection
Compared with MHCI-restricted TCRs, MHCII-restricted TCRs show more sensitivity for the strength of TCR-MHCp binding required to induce negative selection, with the MHCIIrestricted cells responding with negative selection to fivefold-shorter dwell times for TCR binding (Stepanek et al. 2014 ). This extra sensitivity of negative selection may be due to the amount of the kinase Lck available, as CD4 binds more strongly to Lck than does CD8 (Stepanek et al. 2014 ). Thus, a chimeric CD8 transgene with the CD4 cytoplasmic tail has a reduced threshold for negative selection (Stepanek et al. 2014 ). This finding showed that higher availability of coreceptor-bound Lck, which ensures TCR signal initiation, is crucial for positive or negative selection. A subjacent notion to explain the crucial importance of coreceptor in selection thresholds is that, in DP thymocytes, Lck is substoichiometric to the coreceptors. Thus, a higher affinity and longer half-life are required for MHCI-restricted TCRs, apparently because more coreceptors need to be sampled before one of them brings Lck to the signaling TCR-MHCp complex (Stepanek et al. 2014) .
The CD4 and CD8 coreceptors have a fixed specificity for MHCII and MHCI, respectively (reviewed in Reinherz & Wang 2015) . In contrast, the random nature of the TCR gene rearrangement and assortment processes gives rise to myriad TCR binding sites, even though the TCR appears to have weak intrinsic specificity for MHC (Garcia et al. 2009 , Marrack et al. 2008 . In CD4 + CD8 + DP thymocytes, Lck can be sequestered away from the TCR by the coreceptors, allowing Lck-mediated initiation of TCR signaling only when both the TCR and the coreceptor bind to the same MHCp molecules. This mechanism would ensure selection of T cells expressing the appropriate coreceptor (CD4 or CD8) for the target of their TCRs (Van Laethem et al. 2007 ). Indeed, mice deficient for both coreceptors as well as MHCI and MHCII showed selection of (drastically reduced) mature T cells displaying a broad, non-MHC-restricted TCR repertoire (Van Laethem et al. 2007 ). These defects were interpreted to be due to both the TCR lacking the correct guidance to select for MHC-restricted reactivity and an excess of Lck available for TCR signaling, hence driving increased negative selection. Rescuing positive selection with a Bcl2 transgene in these mice resulted in the presence of TCRs with specificity for a conformational epitope from a cell surface self-protein, CD155, with very high, antibody-like affinity. CD155 expression was required for thymic development of TCR transgenic thymocytes expressing these anti-CD155 TCRs (Tikhonova et al. 2012) . The role of Lck in enforcing MHC restriction was further supported by a finding that Lck that could not bind to the coreceptor did not support positive selection of MHC-restricted cells (Salmond et al. 2011 ) but rather supported the development of MHC-independent TCR transgenic thymocytes (Van Laethem et al. 2013) .
A recent advance in the understanding of how TCR-mediated signaling occurs is the finding that, in thymocytes and T cells, a sizable fraction of Lck is active at steady state (that is, before TCR triggering) (Nika et al. 2010) . Also, there is good evidence that the interaction of the coreceptor with the signaling TCR-MHCp complex occurs in two stages in lymphocytes (Casas et al. 2014 , Jiang et al. 2011 , Thome et al. 1995 , Xu & Littman 1993 reviewed in Gascoigne et al. 2011 ). The first stage, initiated less than a second after TCR binding ( Jiang et al. 2011) , must occur between constitutively active Lck and a phosphorylated ITAM (immunoreceptor tyrosine-based activation motif ) on a CD3 molecule. The second stage is the interaction between the coreceptor and the MHC molecule that is being recognized by the TCR. This latter event can occur only if there has been Src-family kinase activity (by Lck or possibly Fyn action) ( Jiang et al. 2011) and may be mediated by the SH2 domain of Lck (Thome et al. 1995 , Xu & Littman 1993 . The first stage can involve free Lck, but the second stage requires Lck association with the coreceptor (Casas et al. 2014) . Such two-stage formation of the coreceptor-MHCp-TCR complex has not been demonstrated in thymocytes, but this model has important mechanistic implications for understanding the regulation of TCR signal strength during thymocyte development. In the coreceptor scanning model proposed by Palmer's group (Stepanek et al. 2014) , the TCR-MHCp half-life required for a selecting signal can reflect the time required from transition from the first stage (which does not require Lck association with the coreceptor) to the second stage (which depends on Lck association with the coreceptor). The two-stage coreceptor-TCR-MHCp binding kinetics would constitute a positive feedback loop that synergistically enhances the formation of adhesion bonds to sustain signaling ( Jiang et al. 2011 ).
Coagonists and Role of Coreceptors
The extreme sensitivity of the TCR triggering to very small doses of ligands remains incompletely explained. Coreceptor binding to MHC-presenting nonagonist peptides can contribute to the enhanced agonist-specific activation of thymocytes and lymphocytes, a phenomenon termed coagonism (reviewed in Gascoigne 2008 , Gascoigne & Palmer 2011 , Gascoigne et al. 2010 , Krogsgaard et al. 2007 ). Presentation of very small amounts of agonist/negatively selecting H-2K b -OVA complex to preselection OT-I TCR transgenic DP cells induced activation only when there were other, nonstimulatory MHCI complexes available (Yachi et al. 2005) . Similar enhancement of activation occurred for weak agonists when they were presented simultaneously with K b bound to null peptides (Yachi et al. 2007 ). Coagonism has also been observed in mature CD4 + T cells (Ebert et al. 2009 , Krogsgaard et al. 2005 , Lo et al. 2009 ).
Coagonists aided agonist to induce negative selection, but not positive selection, in an FTOC system using dimerized MHCp molecules to stimulate the TCR ( Juang et al. 2010) . Coagonist MHCI complexes recruit CD8 to the IS and increase interaction between TCR and CD8 upon agonist recognition (Yachi et al. 2005) ; this interaction may contribute to the faster scanning for CD8 associated with Lck and to the initiation of the second stage of the MHC-TCR-MHCp trimolecular complex.
Coagonism in CD4 T cells is highly specific for the individual coagonist peptide (Ebert et al. 2009 , Krogsgaard et al. 2005 , Lo et al. 2009 ). In contrast, in CD8 cells, TCR specificity for MHCp is less important, although the degree of specificity depends on the MHC haplotype (Hoerter et al. 2013 , Yachi et al. 2005 . A strong coreceptor interaction with MHCI can overcome an underlying TCR specificity for MHCp to appear nonspecific (Hoerter et al. 2013) . As CD4 binds to MHCII with lower affinity compared with CD8's binding affinity to MHCI, this finding explains the high peptide specificity required for coagonism in CD4 T cells and unifies the apparently different molecular requirements for coagonist recognition (Hoerter et al. 2013 ). The coagonist function of positively selecting peptides in activation of developing and mature MHCI-restricted T cells ( Juang et al. 2010 , Yachi et al. 2007 ) and mature MHCII-restricted T cells (Ebert et al. 2009 , Lo et al. 2009 ) strongly suggests that at least some positively selecting MHCp complexes can contribute to the generation of a negative selection signal when presented on thymic antigenpresenting cells bearing negatively selecting peptides.
Signal Strength in Mature T Cell Differentiation
Signaling in mature T cells is not the focus of this review, but it is important to note that signal strength not only is important in T cell development in the thymus but also plays a role in
www.annualreviews.org • TCR Signal Strength and T Cell Development
T cell differentiation into distinct T cell subsets. In perhaps the best-defined system, strong TCR signals lead to differentiation of naive T cells into Th1/interferon-γ-expressing cells, whereas weaker signaling promotes development toward the IL4/IL5-producing Th2 lineage (Constant & Bottomly 1997 , Leitenberg et al. 1998 , Rogers & Croft 1999 . This difference in signal strength is also reflected in the interface between the T cell and antigen-presenting cells: Strong signals that lead to Th1 differentiation induce formation of a mature IS, but weaker signals leading to Th2 differentiation induce a less defined synapse (Balamuth et al. 2001) . More recently, these data have been confirmed and extended through intravital microscopy, demonstrating the importance of TCR signal strength over adjuvant in the preferential induction of Th1 cells (van Panhuys et al. 2014 ).
MOLECULAR MECHANISMS OF SIGNAL STRENGTH MODULATION DURING T CELL DEVELOPMENT Themis as a Fine-Tuner of TCR Signaling Threshold
A number of molecules can modulate the strength of the TCR signal (Acuto et al. 2008) . These can act in negative feedback loops to control signaling at various points in the cascade. Most of these molecules are active in mature T cells as well as in developing thymocytes, but a few seem to act mainly during development. Probably the best characterized is thymocyte-expressed molecule involved in selection (Themis), a protein that is expressed solely in the T cell lineage and predominantly in pre-positive selection DP thymocytes , Johnson et al. 2009 , Kakugawa et al. 2009 , Lesourne et al. 2009 , Patrick et al. 2009 ). The expression of Themis is reduced as the thymocytes transit through positive selection, and expression in SP thymocytes and peripheral T cells is much lower than in preselection DPs , Johnson et al. 2009 , Lesourne et al. 2009 , Patrick et al. 2009 ). Mice lacking Themis have a defect in selection through the positive selection checkpoint, resulting in reduced numbers of SP cells and mature peripheral T cells. Moreover, the majority of those cells that populate the periphery have an antigen-experienced, memory-like phenotype. If the TCR is fixed by expression of a transgenic TCR, there is an almost complete block at the positive selection checkpoint. Themis is part of the TCR signaling cascade and is phosphorylated quickly after TCR stimulation (Brockmeyer et al. 2011 ). However, understanding how it works was initially difficult, as signaling downstream of TCR activation by anti-TCR antibodies was little affected by loss of Themis , Johnson et al. 2009 , Lesourne et al. 2009 , Patrick et al. 2009 ). Biochemical studies indicated that Themis interacts constitutively with the adaptor Grb2 ( Johnson et al. 2009 , Lesourne et al. 2009 , Paster et al. 2013 , Patrick et al. 2009 ) and that, after TCR stimulation, it associates with the LAT signalosome (Brockmeyer et al. 2011 , Paster et al. 2013 (Figure 2) .
In peripheral CD4
+ T cells, Themis and Grb2 show similar kinetics of LAT interaction, with maximum binding observed at 2 min and maintained for up to 5 min after anti-TCR plus anti-CD4 stimulation (Roncagalli et al. 2014) . Analysis of the concerted movements of signaling proteins in the IS at a systems biology level (Singleton et al. 2009 ) has demonstrated that Themis shows a lamellal pattern of accumulation (Paster et al. 2013 , Roybal et al. 2015b ). Other proteins, such as protein kinase C (PKC)θ and LAT and the signaling intermediate diacylglycerol, remain at the center of the IS. The F-actin cytoskeleton of the lamellum controls the diffusion of signaling proteins to enhance the efficiency of signaling in this region, and other proteins involved in control of signal strength (Vav1, myosin 1C, Skap55) are also enriched in this region (Roybal et al. 2015a,b) . Regulators of the TCR signaling cascade during positive selection. The initial TCR recognition of an MHC-peptide complex causes Lck to phosphorylate CD3 molecules (while coreceptor binds to the MHC). Zap70 binds to the phosphorylated CD3 ITAMs. Zap70 is then activated by Lck and phosphorylates LAT, which acts as a scaffold-the signalosome-for further signaling events. Two LAT signalosomes, the leftmost one with a Grb2-Themis-Shp1 complex bound, are shown. The Shp1 phosphatase in this complex with Grb2 and Themis turns off TCR signaling (in response to weak ligands). The rightmost LAT signalosome has the classical signalosome components bound (SLP76, Itk, PLCγ), plus a Tespa1-Grb2 complex. PLCγ catalyzes cleavage of PIP 2 into diacylglycerol (DAG) plus inositol-1,4,5-trisphosphate (IP 3 ). IP 3 diffuses and is bound by the IP 3 receptor (IP 3 R) on the endoplasmic reticulum (ER), causing release of Ca 2+ from the ER store. Tespa1 also binds IP 3 R and regulates Ca 2+ release. It is unclear whether store-operated Ca 2+ entry is mediated in mature T cells as in agonist selection signaling, but the ORAI Ca 2+ channel is not required for positive selection. A voltage-gated sodium channel (VGSC) is involved in mediating Ca 2+ signaling during positive selection. However, Ca 2+ signaling eventually results in nuclear translocation of NFAT, a transcription factor. DAG is bound by protein kinase C (specifically PKCθ and PKCη), and this signal cascade leads to nuclear translocation of NFκB, another transcription factor. DAG is also bound by RasGRP, activating the Ras MAP kinase cascade and culminating in Erk1 and Erk2 activation and transport to the nucleus. Erk1 and Erk2 activate the AP1 transcription factor.
Themis Deficiency Affects Signaling to Positive-Selecting Rather than Negative-Selecting Ligands
Stimulation of Themis-deficient thymocytes by anti-TCR cross-linking showed little difference between Themis-sufficient and Themis-deficient cells ( Johnson et al. 2009 , Lesourne et al. 2009 , Patrick et al. 2009 ), although we reported a slight diminution of the signaling Positive, negative, and agonist selection of thymocytes under strong or weak TCR stimuli. The cartoon illustrates the relationship between TCR affinity for self-MHCp and the outcome of selection. The affinity range and selection range over which Themis activity is effective are shown. Abbreviation: IEL, intraepithelial lymphocyte.
However, when preselection OT-I DP thymocytes were stimulated with MHCp ligands that are weaker than the strong negative selectors, particularly ligands near or below the threshold for negative selection, the TCR signaling cascade was affected in Themis-deficient thymocytes ). In the absence of Themis, positively selecting weak ligands induced stronger signals than normal, and this effect was noted in LAT phosphorylation and signaling molecules that are part of the signalosome, as well as downstream in Ca 2+ flux and the Erk MAPK pathway . These findings showed that Themis is a negative regulator of TCR signal transduction but that its effect is limited to responses to weak ligands, ideal for the control of positive-selecting signals (Figure 3) . Increased phosphorylation of Erk was also noted in Themis-deficient thymocytes stimulated by low amounts of TCR and coreceptor-cross-linking antibodies (Zvezdova et al. 2016 ).
Themis Negatively Regulates TCR Signaling Through the Phosphatase Shp1
The phosphatase Shp1 [and likely also the similar molecule Shp2 (Paster et al. 2015) ] has a role in Themis's negative regulation of TCR signaling, and Themis regulates this phosphatase , Paster et al. 2015 . Both Shp1 and Themis bind to Grb2, Shp1 interacting with Grb2's N-terminal SH3 domain and Themis with Grb2's C-terminal SH3 domain (Paster et al. 2015) . The central SH2 domain of Grb2 is thus available for interaction with phosphotyrosines of LAT. Themis probably acts as a negative regulator of TCR signaling by controlling the access of Shp1 to the TCR signaling machinery (Fu et al. 2014 , Gascoigne & Acuto 2015 . Although Themis is a negative regulator of TCR signals via its interaction with Shp1, it may have other effects, potentially positive, through interaction with some other molecule, perhaps explaining why strong TCR signals may be attenuated in the absence of Themis (Brockmeyer et al. 2011 ). Some recent work suggests that Themis has a positive effect on signaling, although these data do not distinguish strong from weak signals, except by using different concentrations of cross-linking antibodies. This work, however, confirmed the interaction between Themis and Shp1 and Shp2 (Zvezdova et al. 2016) .
One problem with the interpretation of Themis as a negative regulator of TCR signaling via Themis's effect on Shp1 is that studies on a conditional knockout of Shp1 showed no developmental defect, in contrast to the situation in Themis knockout mice ( Johnson et al. 2013) . Earlier studies on a complete knockout of Shp1 did report such a defect, indicating that the phosphatase is indeed a regulator of positive selection, acting to set the signaling threshold. However, this interpretation was complicated by the general inflammation found in mice completely lacking Shp1 ("moth-eaten" mice) (Carter et al. 1999 , Plas et al. 1999 , Zhang et al. 1999 . Moreover, the conditional knockout using CD4-Cre to delete Shp1 prior to the positive selection checkpoint had apparently normal positive and negative selection but a defect in responsiveness to the cytokine IL-4 ( Johnson et al. 2013 ). There were larger proportions of CD44 hi memory phenotype cells in the periphery of these mice than in wild-type mice, as had also been seen in Themis-deficient mice. A higher proportion of CD4 cells were Th2 phenotype than in wild-type mice, and IL-4 responses were not controlled normally such that Shp1's main role appeared to be as a negative regulator of IL-4 signaling ( Johnson et al. 2013) . One possible reason for the difference between conditional Shp1 knockout and Themis knockout T cell development is that there is redundancy between Shp1 and some other phosphatase. Shp2 was identified as another partner of Themis through mass spectroscopy (Paster et al. 2015 , Zvezdova et al. 2016 . In cell lines, Themis and Shp2 also coprecipitated, strongly suggesting that Shp2 may act in place of Shp1 when Shp1 is deleted , Paster et al. 2015 . We recently found that phosphatase activity is associated with Themis in both wild-type and conditional Shp1 knockout thymocytes and that Shp2 coimmunoprecipitates with Themis in the latter, but not detectably in the former (M. Mehta, J.
Brzostek & N.R.J. Gascoigne, unpublished data).
Shp1 is a negative regulator of many signaling cascades and is expressed mostly in cells of hematopoietic origin, whereas Shp2 is ubiquitously expressed. Themis can therefore be considered to be a molecule well suited to focusing Shp1's activity with regard to the TCR signaling cascade to a specific time and place of T cell differentiation (Stefanova et al. 2003) . Earlier work by Germain and coworkers proposed an elegant mechanism whereby, upon MHCp weak agonist binding, Lck associates via its SH2 domain to phosphorylated Shp1 and dynamically dampens TCR signaling (Stefanova et al. 2003) . On the basis of in vitro evidence, these researchers also proposed that Erk activated by MHCp agonists unlocked such a negative feedback mechanism by phosphorylating Lck on Ser59, promoting dissociation of Shp1 from Lck. Such a positive feedback loop would be inefficiently induced by weak agonist ligands and was therefore thought to increase TCR ligand discrimination (Altan-Bonnet & Germain 2005) . However, we found that a knockin mutation of Ser59 to alanine did not affect T cell development and did not have impaired recognition of weak agonist and antagonist (positive-selecting) ligands, indeed showing rather stronger responsiveness (Paster et al. 2015) . This study did not identify an interaction between Shp1 and Lck, leading to the conclusion that the Themis-controlled activity of Shp1 in regulation of the strength of TCR signaling is not related to Erk phosphorylation of Lck at Ser59 (Paster et al. 2015) .
Inhibition of Phosphatase Activity by MicroRNAs
There is some evidence for a role for microRNAs in control of phosphatases in T cells. A number of phosphatases that are relevant to TCR signaling, including Shp2, Ptpn22, Dusp5, and Dusp6 (but not Shp1), are controlled by miR-181a. Expression of miR-181a results in higher sensitivity to TCR stimulation such that antagonists can become agonists (Ebert et al. 2009 , Li et al. 2007 ).
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Inhibition of miR-181a expression reduced both downstream TCR signaling and positive and negative selection (Li et al. 2007) , leading to increased self-reactivity of mature T cells (Schaffert et al. 2015) . Another group reported that miR-181 is crucial for the development of iNKT cells in the thymus and that it works through controlling the phosphatase Pten, which in turn controls the metabolism of the cells (Henao-Mejia et al. 2013) . We have only scratched the surface of the roles for microRNAs in T cell development.
Inhibition of Cell Death During Thymocyte Development
The negative regulation of TCR signaling in response to positive-selecting ligands, through the Themis-Shp1 axis, leads to strong signaling in Themis-deficient thymocytes, similar to the response to negative-selecting ligands . Evidence for induction of apoptosis was found in Themis-deficient DP thymocytes, and a double-deficient mouse for both Themis and Bim showed significant rescue of T cell development . A recent study confirms the ability of Bim deficiency to repair the development of CD8 SP defect in Themis and Bim doubledeficient mice, but the percentage of peripheral CD4 cells did not recover to normal (however, CD4 cell numbers were not reported) (Zvezdova et al. 2016) . Moreover, knockdown of either Themis or Shp1 in Jurkat cells and normal human T cells resulted in increased activation and apoptosis after stimulation through the TCR (Paster et al. 2015) . However, Shp1 deficiency resulted in a weaker phenotype than did Themis deficiency, suggesting a redundant effect by Shp2 that was also expressed in Jurkat cells. Another protein that was initially reported to control positive selection, Schnurri-2 (Gascoigne 2001 , Takagi et al. 2001 ), seems to work in a manner similar to that of Themis, by tuning down the induction of cell death pathways (Staton et al. 2011 ). However, Schnurri-2 acts downstream of TCR signaling.
Cbl Ubiquitin Ligases During Thymocyte Development
Cbl-b and c-Cbl are ubiquitin ligases that are important in downregulating TCR expression. These ligases mark TCRs for recycling and/or degradation, thus limiting strength of signal during thymocyte development and in mature T cells (Murphy et al. 1998; Naramura et al. 1998 Naramura et al. , 2002 Niederberger et al. 2003) . Cbl-b and c-Cbl are recruited to the LAT signalosome after TCR stimulation (Roncagalli et al. 2014) , suggesting that they have a negative regulatory role in proximal TCR signaling independently of regulation of cell surface TCR levels. TCR transgenic mice lacking Cbl-b develop autoimmunity in response to low-affinity variants of the antigen (Gronski et al. 2004 ). c-Cbl reduces TCR signaling in DP thymocytes by constitutively ubiquitylating CD3 molecules, causing the TCR to be endocytosed and degraded. When this constitutive ubiquitylation is inhibited, the threshold for TCR signaling in negative selection is shifted toward lower-affinity ligands (Wang et al. 2010) . Shp1 modulates TCR signaling in mature T cells by dephosphorylating Cbl-b such that it is not ubiquitylated and degraded (Xiao et al. 2015) . Consequently, Shp1 deficiency reduced levels of Cbl-b in peripheral lymphocytes, and overexpression of Cbl-b in Shp1-deficient T cells rescued their aberrant Th2 differentiation and IL-4 responses. It is not known whether this novel Shp1-Cbl-b axis plays any role during thymic development or whether it can be regulated by Themis.
Regulators of Ca 2+ Signaling in Positive Selection
Although not completely T cell specific, another recently discovered protein, Tespa1 (thymocyteexpressed, positive selection-associated 1), is also important in regulating signaling in DP thymocytes. Its loss causes defects in Ca 2+ and Erk signaling pathways (Wang et al. 2012) . It has notable homology to a protein termed K i -Ras-induced actin-interacting protein (Krap), particularly in the region that controls Krap's binding to the inositol-1,4,5-trisphosphate (IP 3 ) receptor on the endoplasmic reticulum (ER) in epithelial cells (Gascoigne & Fu 2012) . Recent work shows that Tespa1 becomes phosphorylated during Ca 2+ signaling and that it binds to the IP 3 R in lymphocytes , Matsuzaki et al. 2012 ). Tespa1 may also link to energy metabolism, as it is associated with the part of the ER that interacts with the mitochondrial membrane , and Krap-deficient mice are resistant to diet-induced obesity, suggesting a role for Krap in controlling metabolism (Fujimoto et al. 2009 ). Another link between Ca 2+ flux and signal strength in positive selection comes from a study demonstrating that a voltage-gated sodium channel allows thymocytes to respond to weak ligands with a sustained Ca 2+ flux, as required for positive selection (Lo et al. 2012 ).
CD5 as a Regulator of Signal Strength
The cell surface protein CD5 regulates TCR signal strength during selection and has been used as a surrogate marker for the signal strength that a peripheral T cell experienced during its thymic development (Azzam et al. 1998 (Azzam et al. , 2001 Tarakhovsky et al. 1995) : the stronger the signal (or the higher the affinity of ligand recognition) during development, the higher the amount of CD5 on the surfaces of the resulting cells. Expression of GFP under the control of regulatory elements from Nur77, a proapoptotic protein whose expression depends on the strength of TCR signaling, was more recently used for the same purpose (Moran et al. 2011 , Zikherman et al. 2012 . Recent findings indicate that CD5 hi cells rather than CD5 lo cells predominate in the immune response to antigen (Fulton et al. 2015 , Mandl et al. 2013 ). This was initially thought to be because high-affinity interactions during development cause the cells to be higher-affinity interactors with antigenic MHCp (Mandl et al. 2013 ), but it now appears that, relative to CD5 lo cells, CD5 hi cells are more ready to produce cytokine (Persaud et al. 2014) , to proliferate in response to antigen, and to respond to inflammatory signals during antigen recognition (Fulton et al. 2015) . Antigen binding by CD5 hi and CD5 lo cells was not related to CD5 expression. These experiments suggest that CD5 expression is a marker not for the strength of the signal transduced by self-MHCp during development, but for the set point of the cells' intrinsic response to a signal. This set point in turn is a reflection of the strength of self-recognition during development, not of the TCR's intrinsic ability to recognize foreign antigen (Fulton et al. 2015 , Persaud et al. 2014 . CD5 is a negative regulator of TCR signaling, as it can interact with Shp1 (Perez-Villar et al. 1999) . However, the more responsive phenotype of CD5 hi lymphocytes shows that any inhibitory effects of CD5 are weaker than changes in transcriptome (Fulton et al. 2015) and possibly signaling pathways resulting from strong self-recognition during thymic development.
SIGNAL LONGEVITY VERSUS SIGNAL STRENGTH AND THEIR EFFECT ON DEVELOPMENT
The outcome of thymic selection is determined not only by TCR signal strength, but also by the duration and frequency of TCR signals. In vitro stimulation with tetramers presenting positively selecting peptides leads to weak but sustained Ca 2+ influx, whereas tetramers presenting negative selectors induce strong but transient Ca 2+ signals (Daniels et al. 2006 . This difference between signal strength and longevity has also been observed in the duration of Erk phosphorylation in vitro, with prolonged low levels of Erk activation being associated with positive selection and rapid strong Erk phosphorylation observed under negatively selecting conditions www.annualreviews.org • TCR Signal Strength and T Cell Development (Fischer et al. 2005 , Mariathasan et al. 2001 , McNeil et al. 2005 , Shao et al. 1999 , Werlen et al. 2000 . Analysis of Erk phosphorylation in intact thymic lobes using FTOC revealed a more nuanced picture of Erk signaling, with negatively selecting peptides inducing a strong Erk signal that was not sustained and positive selection inducing a transient initial Erk phosphorylation, followed by a gradual increase in Erk signal that was sustained over several days (McNeil et al. 2005) . Similarly, the kinetics of Ca 2+ flux observed in thymocytes encountering selecting MHCp ligands on thymic slices differed from the patterns induced in suspension cells after tetramer stimulation. In the thymic slice system, negative selection led to stronger and longer Ca 2+ signal, whereas positive selection induced a series of brief Ca 2+ fluxes (Melichar et al. 2013) . This apparent discrepancy between results of tetramer studies and the in situ analysis of thymic slices may result, at least partially, from the much longer timescale of the in situ experiments (Brzostek & Gascoigne 2013) , but the complex interplay between TCR signal strength and changes in thymocyte motility is an important factor that is generally not taken into account in in vitro studies.
Advances in two-photon microscopy and the development of new experimental systems to analyze thymocyte behavior in situ have revealed how TCR signaling alters thymocyte motility and interactions with other cell types. Most cortical thymocytes show a random-walk migration with low motility, but a small population that exists only in positive-selecting conditions moves two to three times faster and is directed toward the medulla (Witt et al. 2005) . Analysis of synchronized development of OT-I thymocytes on thymic slices supporting positive selection shows both short migratory pauses that gradually decrease and transient Ca 2+ fluxes that become shorter in duration, but the basal levels of intracellular Ca 2+ gradually increase ). Negatively selecting conditions reduce thymocyte motility rates in the medulla, leading to migratory arrest, and increase their contacts with dendritic cells, followed by cell death a few hours later (Borgne et al. 2009 , Dzhagalov et al. 2013 . Presentation of agonist peptide on the thymocytes can induce migratory arrest and death of cognate MHCI-restricted cells, suggesting that thymocyte-thymocyte interactions contribute to shaping the self-tolerant TCR repertoire. Indeed, interactions between a thymocyte-presenting antigen and another recognizing the antigen show stable contacts between moving cells, with the antigen-recognizing cell undergoing weak but sustained Ca 2+ flux (Melichar et al. 2015) . The distinct patterns of thymocyte motility and interactions associated with positively or negatively selecting conditions suggest that binding to low-affinity MHCp induces a weak TCR signal without prolonged interaction with the antigenpresenting cells. This recognition without induction of migratory arrest allows the thymocyte to move rapidly to sample the MHCp landscape in the thymic environment, thus leading to the accumulation of brief signaling events. High-affinity MHCp binding induces a strong TCR signal, leading to migratory arrest. A study using catalytic inhibition of Zap70 to control the duration of TCR signals during thymic selection demonstrated that, whereas 1 h of TCR signaling induced negative selection, positive selection required more than 36 h of multiple transient TCR signaling events .
STRONG SIGNALING CAUSES DEVELOPMENT OF SPECIALIZED T CELL SUBSETS: AGONIST SELECTION VERSUS CONVENTIONAL POSITIVE SELECTION
The choice between negative selection and specialized development into different T cell subtypes appears to be controlled by the strength of TCR stimulation during selection. Higher-strength signals are required for the development of αβ-TCR-expressing intraepithelial lymphocyte (IEL) populations and thymus-derived T regulatory cells (tTregs) [previously known as natural Tregs (nTregs)], for example, compared with the case for naive conventional T cells (comprehensively reviewed in Stritesky et al. 2012 ). This type of development is known as agonist selection, in contrast to conventional positive selection. In addition to agonist selection of tTreg and TCRαβ + IELs, which have diverse TCR repertoires, high signal strength during development is also responsible for the development of innate-like NKT and likely that of MAIT cell subpopulations, which have very restricted TCR repertoires (Moran et al. 2011 , Stritesky et al. 2012 . Both strong TCR signaling and costimulation through CD28 appear to be required for negative selection to occur after the initial signaling that drives positive selection in DP thymocytes . Cells that do not undergo negative selection despite strong TCR signaling lose CD4 and CD8 expression and migrate to the gut to develop into αβ-TCR + CD8αα + gut IELs (Mayans et al. 2014 , McDonald et al. 2014 . The TCR specificity is crucial to determining the cells that become IELs, and these cells have recognition specificities different from those of conventional cells (Mayans et al. 2014 , McDonald et al. 2014 . These specificities presumably allow them to avoid deletion in the thymus and instead to induce a survival program leading to their differentiation into the unconventional T cell lineage. The development of tTregs was recently shown to depend on strong signaling during self-MHCp recognition such that highavidity TCR interactions lead to selection for Tregs specific for self-MHCp (Moran et al. 2011 , Kieback et al. 2016 , Malchow et al. 2016 ). In the case of tTregs, this differentiation is reported to be under the control of the autoimmune regulator AIRE (Malchow et al. 2016 ). As noted above, costimulation is required for negative selection, and its loss leads to the development of IEL precursors . These precursors also strongly express PD1 (McDonald et al. 2014) , suggesting that inhibition of costimulatory signals is important in the avoidance of negative selection. TCR signaling for agonist selection requires store-operated Ca 2+ entry through the plasma membrane by way of the Ca 2+ release-activated Ca 2+ modulator (ORAI1) channel, but store-operated Ca 2+ entry is not required for conventional positive selection (Beyersdorf et al. 2009 , Oh-Hora et al. 2013 . In contrast, conventional positive selection requires Themis, whereas agonist selection is apparently unaffected by its absence .
Positive selection for conventional CD4 and CD8 naive peripheral T cells requires different strengths of TCR interactions, and there is also some evidence that differential signaling is involved.
HOW THE THYMOPROTEASOME AND IMMUNOPROTEASOME INFLUENCE SELECTION
In addition to the effects of regulation of signal transduction and strength, positive selection and negative selection also expose the developing thymocytes to different repertoires of peptides because of different proteolytic enzymes expressed in cTECs and mTECs. cTECs and mTECs express different versions of the proteasome, which produces peptides for MHCI binding, and different cathepsins, which are important in preparing peptides for the MHCII pathway. Another, broader, difference is the fact that AIRE allows for expression of organ-specific proteins in mTECs (reviewed in Mathis & Benoist 2009 ). As these proteins are not expressed in cTECs, peptides that are not present for positive selection are presented for negative selection by expression in mTECs and by cross-presentation in medullary dendritic cells.
In the MHCI pathway, mTECs express the immunoproteasome, containing the β1i, β2i, and β5i subunits, whereas cTECs are unique in expressing the thymoproteasome, in which the β5t subunit is expressed instead of the β5i subunit. This change results in different proteolytic specificity of the thymoproteasome relative to both the immunoproteasome and the proteasome, and β5t-deficient mice have a defect in development of a useful CD8 T cell repertoire (Murata et al. 2007 , Nitta et al. 2010 . When β5i replaced β5t in cTECs, the repertoire was defective and altered such that cells developing in such a thymus had higher reactivity to self than normal . These data suggested that the thymoproteasome produces peptides that select for TCRs with relatively weak binding to self-MHC, ideal for positive selection .
A recent study analyzed the peptide repertoires produced by the thymoproteasome versus those produced by the immunoproteasome, reporting that the thymoproteasome produced unique cleavage sequences in digested peptides (Sasaki et al. 2015) . Peptides made to mimic the thymoproteasome-dependent motif were low-affinity binders of the TCR and induced positive selection in FTOC, whereas an immunoproteasome motif resulted in a wide range of responses and binding, leading to positive or negative selection (Sasaki et al. 2015) . The pools of peptides produced by the immunoproteasome and thymoproteasome overlap, and both of the two naturally occurring peptides that can positively select OT-I thymocytes in FTOC were found in this pool (Sasaki et al. 2015) . These two peptides were initially identified from cells that would not have made thymoproteasome (Hogquist et al. 1997 , Santori et al. 2002 , and the unique expression of thymoproteasome in cTECs may thus explain why identifying natural positive-selecting peptides has been so difficult.
The loading of MHCII molecules in thymic epithelial cells has been recently reviewed in detail (Klein et al. 2014) . cTECs specifically express cathepsin L and TSSP (thymic-specific serine protease) in their lysosomes, and both of these proteins are required for correct selection of CD4 cells (Gommeaux et al. 2009 , Nakagawa et al. 1998 , Viret et al. 2011 ). In the absence of these proteins, the same peptides are presumably available for both positive selection and negative selection, and negative selection trumps positive selection (Hney et al. 2002) because the former occurs on dendritic cells along with other force multipliers such as costimulation. Additionally, at this stage medullary thymocytes lack signal strength-regulating proteins such as Themis.
CONCLUSION
The control of signal strength downstream of TCR binding is an important determinant of the cell fate of developing thymocytes. There are a number of different ways of achieving this regulation and therefore of turning the graded (analog) binding of TCR to MHCp into a binary cell fate decision of life or death. In this context, the thymus provides a rich and intriguing model for differentiation, with a very complex interplay between signaling from many receptors and intracellular proteins. Such interplay results in fate decisions regarding not only life or death but also deviation into different cellular lineages. The roles for RNA-mediated control such as control by microRNAs and long noncoding RNAs are just starting to be touched upon and will have important contributions to the overall understanding of thymocyte development.
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